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Abstract: Currently, multidrug-resistant (MDR) pathogens are becoming a human and 

economic burden worldwide and have posed a grave threat to public health. In this case, mild-

temperature photothermal therapy (PTT) has become a promising alternative to conventional 

antibiotics because it has the characteristics of minimally invasive property, targeted 

destructiveness, and low toxicity. To realize effective photothermal therapy, it is imperative to 

fabricate multifunctional photothermal formulations with better performance. In this study, 

novel Fe-doped polyoxometalate (Fe-POM) nanoclusters were successfully prepared by the 

one-pot method. Due to the strong absorption efficiency in the near-infrared (NIR) region, high 

photothermal conversion efficiency, and photothermal cycling stability, Fe-POM nanoclusters 

are sufficient to be used as an efficient photothermal agent for highly effective mild-

temperature photothermal therapy. From a biomechanical perspective, the Fe-POM 

nanoclusters not only generate heat under NIR irradiation but also produce hydroxyl radicals 

(·OH) through the redox cycling of Fe2+/Fe3+ and Mo5+/Mo6+ pairs. The reactive oxygen species 

(ROS) generated disrupt bacterial cell membranes and alter their biomechanical properties, 

such as membrane stiffness and permeability, rendering the bacteria more susceptible to mild-

temperature PTT. The synergistic effect of ROS-induced biomechanical stress and 

photothermal heating significantly enhances bacterial disinfection. Antibacterial experiments 

demonstrated that Fe-POM nanoclusters, under PTT conditions, effectively induce bacterial 

death while maintaining good biocompatibility. This study highlights the potential of Fe-POM 

nanoclusters as a multifunctional photothermal agent for combating bacterial infections. This 

work not only advances the field of photothermal therapy but also provides a novel strategy for 

treating bacteria-associated diseases through biomechanical modulation. 

Keywords: polyoxometalate; mild-temperature photothermal therapy; biomechanical 

disruption; near-infrared region; bacterial infections 

1. Introduction 

Currently, more than 700,000 people die from bacterial infectious diseases 

annually, especially infections with multidrug-resistant (MDR) pathogens, and this is 

predicted to outnumber deaths caused by cancer [1]. As the pharmaceutical industry 

faces challenges in developing novel antibiotic formulations, there is an urgent need 

to develop novel non-drug approaches that can combat infections with drug-resistant 

bacteria [2]. Notably, photothermal therapy (PTT) based on near-infrared (NIR) 
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irradiation is a promising physical antimicrobial technology, which offers new ideas 

for avoiding drug resistance [3–5]. However, a major limitation of photothermal 

therapy is the undesirable damage and even inflammation to surrounding healthy cells 

and tissues caused by excess heat. This is especially unavoidable when high power (> 

1 W/cm2 for 1064 nm, 0.33 W/cm2 for 808 nm) irradiation causes localized 

hyperthermia [6,7]. To overcome this limitation, PTT, which can cause bacterial 

damage at mild temperature, has received increasing attention in recent years due to 

its favorable biosafety [8–10]. However, as heat decreases, so does the bactericidal 

effect of PTT, which greatly hampers its use in clinical practice. With the rapid 

development of nanotechnology, nano drug delivery systems have become a hot 

research topic in the biomedical field. Such nano-scale systems precisely target tissues 

or cells, thus significantly improving drug targeting and bactericidal efficiency of PTT. 

The integration of biomechanical principles into nanomaterial design has opened new 

avenues for optimizing antimicrobial therapies. Biomechanical analysis provides 

crucial insights into how nanomaterials interact with bacterial cells at the cellular and 

molecular levels, particularly in terms of mechanical stress generation, membrane 

deformation, and cellular response to external stimuli. This biomechanical perspective 

is particularly relevant in the context of photothermal therapy, where the thermal effect 

of nanomaterials can generate mechanical stresses that enhance bacterial cell damage. 

In particular, the design of nano-drug delivery systems should not only consider the 

drug release mechanisms but also focus on biocompatibility and biodegradability to 

ensure that normal cells are not harmed during treatment. 

Polyoxometalates (POMs) have emerged as a promising class of nanomaterials 

standing out from other photothermal agents due to their inherent advantages, 

including their ease of functionalization, reliable biocompatibility, ensuring minimal 

toxicity to biological systems, and desirable renal clearance, facilitating their 

elimination from the body [11,12]. These unique attributes have positioned POMs as 

front-runners in the field of nanomedicine. Previous studies have delved deeper into 

the multifaceted properties of POMs, revealing that in addition to their photothermal 

effects, they possess antibacterial properties. Specifically, POMs have been shown to 

induce bacterial membrane damage and trigger reactive oxygen species (ROS)-

dependent oxidative stress in microorganisms. This dual mechanism of action 

enhances their antibacterial efficacy, making them potential candidates for combating 

antibiotic-resistant bacteria [13,14]. During the intricate process of ROS generation 

within the biofilm microenvironment (BME), POMs exhibit remarkable 

responsiveness to endogenous hydrogen peroxide (H2O2). Through the Fenton 

reaction, POMs catalyze the conversion of H2O2 into hydroxyl radicals (·OH), 

powerful oxidants known for their ability to disrupt biofilm structures and functions. 

However, despite their potential, the direct penetration of ROS within tissues remains 

a significant challenge due to biological barriers and tissue complexity [6]. In this 

context, biomechanical approaches offer promising solutions for enhancing ROS 

delivery. Recent advancements have demonstrated the application of external 

mechanical stimuli, such as photothermal, ultrasound, or magnetic fields, has been 

shown to enhance ROS diffusion and distribution within biofilms, potentially 

overcoming the limitations of passive diffusion. Although previous research has 

demonstrated the synergistic benefits of combining ROS-based therapies with 



Molecular & Cellular Biomechanics 2025, 22(4), 1475. 
 

3 

photothermal therapy (PTT), several limitations persist. One notable challenge is the 

potential damage caused by the excitation light used in PTT. This limits the irradiation 

exposure, thereby hindering the generation of sufficient ROS levels required for 

therapeutic efficacy. As such, achieving an optimal synergistic effect between mild 

PTT and ROS-based therapies remains both challenging and crucial. Overcoming 

these limitations will pave the way for the development of more effective and safe 

nanomedicine platforms utilizing POMs.  

In this study, we successfully synthesized multifunctional molybdenum-based 

polyoxometalate nanoclusters (designated as Fe-POM) that were strategically doped 

with iron through a straightforward one-pot method. This innovative synthesis aimed 

to harness the unique properties of Fe-POM for enhanced ROS generation within the 

near-infrared II (NIR-II) biological window at mild temperatures, thereby facilitating 

photothermal therapy (PTT). Moreover, we explored the biomechanical applications 

of Fe-POM, such as how its structure and composition can be optimized for behavior 

within cells. From a biomechanical perspective, the iron doping in Fe-POM not only 

enhances its catalytic properties but also modifies its mechanical characteristics. The 

distinctive composition of Fe-POM imparted it with the remarkable capability to serve 

as an efficient ROS generator, producing hydroxyl radicals (·OH) via a Fenton-like 

reaction. Notably, these ROS generation processes could be further augmented by 

localized photothermal effects, creating a synergistic interaction. In turn, the enhanced 

photothermal effect facilitated deeper penetration of ROS into bacterial cells, 

exacerbating their susceptibility to damage. Furthermore, when applied to bacterial 

cultures, Fe-POM treatment induced a massive and rapid burst of ROS, leading to the 

accumulation of malondialdehyde (MDA), a biomarker of oxidative stress. This 

oxidative stress made the bacteria highly vulnerable to mild-temperature PTT, 

significantly enhancing the antimicrobial efficacy of the treatment. From a 

biomechanical perspective, we also assessed the impact of Fe-POM on bacterial 

biofilms, finding that it effectively disrupted the integrity of biofilms, thereby 

enhancing antibacterial activity. The mechanical disruption of biofilms by Fe-POM 

was attributed to a combination of factors, including the material’s ability to generate 

localized mechanical stresses, its interaction with extracellular polymeric substances 

(EPS), and its capacity to alter the viscoelastic properties of the biofilm matrix. 

Importantly, at concentrations effective for antimicrobial activity, Fe-POM exhibited 

minimal impact on the viability of cells in normal tissues, indicating its specificity for 

bacterial targets and suggesting a favorable safety profile. Ultimately, this innovative 

approach effectively eliminated bacteria while demonstrating excellent 

biocompatibility, underscoring its potential as a promising therapeutic strategy. We 

eagerly anticipate that this Fe-POM-based antimicrobial approach will pave the way 

for promising clinical translations, offering a novel and efficacious solution to combat 

bacterial infections. The integration of biomechanical principles into the design and 

application of Fe-POM represents a significant advancement in antimicrobial therapy. 

By combining the chemical and photothermal properties of POMs, this approach 

offers a multifaceted strategy for combating drug-resistant bacteria. Future research 

directions could explore the optimization of Fe-POM for specific applications, such as 

implant coatings or wound dressings, where controlled mechanical interactions with 

bacterial biofilms could enhance therapeutic outcomes. Additionally, the development 
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of advanced biomechanical models to predict and optimize the interactions between 

Fe-POM and bacterial cells could further improve the efficacy and safety of this 

promising antimicrobial platform. 

2. Results and discussion 

2.1. Synthesis and characterization of Fe-POM 

The Fe-POM nanoclusters, exhibiting a dark blue and transparent appearance, 

were meticulously synthesized through a straightforward one-pot method [6,15]. This 

method involved the strategic doping of Fe ions into the framework of Mo-based 

polyoxometalate nanoclusters, followed by a reduction process facilitated by L-

ascorbic acid. The synthesis process was carefully optimized to ensure the uniform 

distribution of Fe ions within the nanoclusters, which is crucial for their functional 

properties. As visualized by the transmission electron microscopy (TEM) image 

(Figure 1A), the as-synthesized Fe-POM nanoclusters displayed a remarkable 

uniformity and well-dispersed granular nanostructure, indicative of their high quality 

and potential for further applications. The consistent morphology of these nanoclusters 

not only enhances their stability but also improves their interaction with target cells, 

making them suitable for biomedical applications. In addition, the average 

hydrodynamic diameter of these Fe-POM nanoclusters, as recorded by dynamic light 

scattering (DLS) measurement, was approximately 10.1 nm (Figure 1B). This precise 

sizing further underscores their potential for effective interaction with biological 

systems. Such a small size is particularly beneficial for cellular uptake, allowing the 

nanoclusters to penetrate biological membranes more easily. Furthermore, the Fourier 

transform infrared (FTIR) spectrum provided additional affirmation, revealing 

specific absorption peaks derived from the inherent structure of POMs, thereby 

confirming the successful incorporation of Fe ions into the Mo-based nanoclusters 

(Figure 1C). In addition, we have conducted the powder X-ray diffraction (XRD) 

analysis to investigate the crystal structure of Fe-POM. As depicted in Figure 1D, we 

note that the XRD pattern of Fe-POM exhibits significant peak broadening, resulting 

in peak overlap and low signal intensity that causes great difficulty in discerning 

characteristic diffraction peaks. The result attributes to the unique PXRD property of 

nanoscale materials that decreasing crystalline domain size in nanoscale causes more 

noticeable peak broadening [16]. This is consistent with our findings that Fe-POM has 

ultrasmall morphology with a nanoscale crystalline domain size. To rigorously 

evaluate the stability of the Fe-POM nanoclusters, changes in their hydrodynamic 

diameter and zeta potential in aqueous solutions were meticulously recorded over a 

period of 7 days. As presented in Figure 1E, these measurements demonstrated no 

significant changes during this timeframe, clearly indicating the excellent stability of 

Fe-POM for long-term storage and potential use in various applications. This stability 

is essential for ensuring the reliability of the nanoclusters in therapeutic settings, where 

prolonged circulation time can enhance their efficacy. Notably, the negatively charged 

Fe-POM nanoclusters possess an ultra-small hydrodynamic size, which is 

advantageous for their rapid removal from the body without causing serious adverse 

effects on healthy tissues. Furthermore, the chemical states in Fe-POM have been 

evaluated using X-ray photoelectron spectroscopy (XPS) analysis, revealing the 
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presence of elements C, O, Fe, and Mo (Figure 1F). Notably, high-resolution Fe 2p 

and Mo 4d spectra confirmed the co-existence of multivalent Fe (+2 and +3) and Mo 

(+5 and +6) in Fe-POM (Figure 1G,H). This characteristic further supports their 

potential as a safe and effective therapeutic agent in clinical applications. 

 
Figure 1. Characterizations of Fe-POM nanoclusters. (A) TEM image of Fe-POM nanoclusters; (B) hydrodynamic 

diameter of Fe-POM nanoclusters; (C) Fourier transform infrared (FTIR) spectrum of Fe-POM nanoclusters; (D) 

XRD patterns of Fe-POM nanoclusters; (E) the hydrodynamic size and zeta potential of Fe-POM nanoclusters in 

aqueous solution at different times; (F) XPS spectra of survey scan of Fe-POM; XPS spectrum of (G) Fe 2p and (H) 

Mo 3d. 

Importantly, the UV-vis absorption spectra provided further insights into the 

optical properties of Fe-POM nanoclusters. These spectra verified a rather broad 

absorption efficiency throughout the near-infrared (NIR) region. This exceptional 

absorption capability can be attributed to the electron relaxation polarization resulting 

from charge transfer between reduced Mo5+ and oxidized Mo6+ species, facilitated by 

bridging oxygen bonds within the nanocluster structure (Figure 2A). This unique 

optical property endows Fe-POM nanoclusters with great potential for photothermal 

applications. Moreover, as the concentration of Fe-POM aqueous solutions was 

increased from 50 to 300 μg/mL, the absorption intensities in both the NIR-I and NIR-

II bio windows gradually increased in a linear relationship. This linear relationship 

between absorption intensities and Fe-POM concentration, as depicted in Figure 

2B,C, further highlights their potential as quantitative photothermal agents. Overall, 

these comprehensive results not only confirm the successful preparation of Fe-POM 

nanoclusters but also underscore their great potential for serving as efficient 

photothermal agents in various biomedical applications. 
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Figure 2. (A) UV-vis spectra of Fe-POM aqueous solution with various concentrations. Calibration curve of 

absorbance at (B) 808 nm and (C) 1064 nm vs. concentration of Fe-POM aqueous solution. 

2.2. Photothermal conversion performance of Fe-POM 

Next, encouraged by the impressive absorption capabilities of the as-prepared Fe-

POM in the near-infrared (NIR) region, we decided to delve deeper into their 

photothermal conversion behaviors, specifically at wavelengths of 808 nm and 1064 

nm, respectively. When Fe-POM aqueous solutions were irradiated with either an 808 

nm laser or a 1064 nm laser, the entire system underwent rapid heating through the 

efficient photothermal energy conversion of the incident light. This conversion process 

was not only swift but also highly effective, demonstrating the potential of Fe-POM 

for photothermal therapy (PTT) applications. As shown in Figure 3, Fe-POM 

exhibited a concentration-dependent, irradiation time-dependent, power density-

dependent, and pH-dependent temperature elevation in both the NIR-I (808 nm) and 

NIR-II (1064 nm) regions. Notably, after 15 min of irradiation at the same Fe-POM 

concentration, the temperature increase observed in the NIR-I region was notably 

higher than that in the NIR-II region. This finding underscored the superior 

photothermal conversion capacity of Fe-POM across the entire NIR spectrum, with 

particularly impressive performance in the NIR-II region. This superior performance 

in the NIR-II region suggested the exciting possibility of utilizing Fe-POM in PTT for 

deeper tissue penetration, given that NIR-II light has better tissue penetration 

capabilities compared to NIR-I light [17]. 

To further validate the practicality of Fe-POM for PTT applications, we assessed 

its photothermal stability by illuminating its aqueous solutions (100 µg/mL) over four 

repeated heating/cooling cycles. Encouragingly, after four cycles, the temperature of 

the Fe-POM aqueous solutions could still reach the temperature peaks achieved in the 

previous cycles, indicating their remarkable and consistent photothermal stability. 

This was clearly evident from the temperature profiles presented in Figure 3C,F, 

which demonstrated minimal deviation in peak temperatures across the four cycles. 

Overall, these findings highlighted the promising potential of Fe-POM for 

photothermal therapy applications, particularly in the context of deeper tissue 

penetration. 
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Figure 3. Photothermal conversion performance of Fe-POM. The temperature vs. time curves of different 

concentrations of Fe-POM under (A) 808 nm and (D) 1064 nm laser irradiations. The temperature vs. time curves of 

Fe-POM under (B) 808 nm and (E) 1064 nm laser irradiations at different power densities. The temperature vs. time 

curves of Fe-POM over (C) 808 nm and (F) 1064 nm laser on/off cycles. 

2.3. Catalytic properties of Fe-POM 

To further validate Fe-POM as an effective reactive oxygen species (ROS) 

generator for chemodynamic therapy (CDT), we conducted experiments to assess 

its ·OH generation activity using two indicators: methylene blue (MB) and 3,3′,5,5′-

tetramethylbenzidine (TMB). Specifically, the ability of Fe-POM to catalyze a Fenton-

like reaction in the presence of H2O2 was evaluated. This evaluation is crucial, as the 

generation of ·OH radicals is a key mechanism by which CDT exerts its therapeutic 

effects. As shown in Figure 4, when Fe-POM was introduced into the reaction system 

containing H2O2, it effectively catalyzed the Fenton-like reaction, leading to the 

generation of ·OH radicals. These radicals subsequently induced the degradation of 

MB, as evidenced by the decreasing absorbance of the MB characteristic absorption 

peak at 664 nm. This decrease in absorbance was concentration-dependent, with 

increasing concentrations of Fe-POM (ranging from 0 to 200 μg/mL) leading to more 

pronounced degradation of MB (Figure 4A). In addition to MB, we also used TMB 

as an indicator to further confirm the ·OH generation activity of Fe-POM. When TMB 

was treated with Fe-POM alone, only a slight increase in absorbance was observed at 

TMB’s characteristic absorption peak (652 nm) (Figure 4B). However, when NIR 

irradiation was applied in combination with Fe-POM, a significant increase in 

absorbance was observed at the characteristic peaks. This result confirmed that 

photothermal therapy (PTT) enhanced the CDT effect of Fe-POM by promoting the 

generation of ·OH radicals. Overall, these findings provided strong evidence 

supporting the effectiveness of Fe-POM as an ROS generator for CDT applications. 
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Figure 4. (A) MB degradation by Fe-POM nanocluster-mediated Fenton-like reaction with different concentrations 

(0–200 μg/mL); (B) UV-vis spectra of TMB oxidation under different treated conditions. 

2.4. In vitro antibacterial activity of Fe-POM 

Fe-POM is anticipated to induce bacterial vulnerability by generating an 

abundance of ROS through its dual enzyme-like activities, ultimately enhancing the 

subsequent efficacy of mild-temperature photothermal therapy (PTT). To rigorously 

investigate this hypothesis, a series of experiments were conducted using methicillin-

resistant Staphylococcus aureus (MRSA) as the model bacterium. Initially, MRSA 

was co-incubated with Fe-POM for a duration of 2 h to allow for sufficient interaction 

and ROS generation. Subsequently, the bacteria were subjected to NIR irradiation at 

a power density of 1.0 W/cm2 for 10 min. This step was crucial to assess the combined 

effect of Fe-POM-based mild-temperature PTT and chemodynamic therapy (CDT) 

against MRSA. Following the NIR irradiation, the antimicrobial efficacy of the 

treatment was evaluated using the standard agar plate assay. As shown in Figure 5, 

the results revealed that NIR treatment alone, without the presence of Fe-POM, did 

not exhibit prominent antimicrobial activity. This indicated that the NIR irradiation 

itself was not sufficient to inhibit bacterial growth. On the other hand, when MRSA 

was treated with Fe-POM alone, only a slight inhibition effect on bacterial 

proliferation was observed. This suggested that while Fe-POM had some antibacterial 

activity, it was not sufficient to completely eradicate the bacteria. However, under 808 

nm NIR irradiation (1.0 W/cm2, 10 min) in the presence of Fe-POM, a moderate 

antibacterial effect was noted. This indicated that the combination of Fe-POM-

mediated CDT and mild PTT at this wavelength had a synergistic effect, enhancing 

the antibacterial activity. Furthermore, when MRSA was pretreated with Fe-POM and 

subsequently irradiated with a 1064 nm laser (1.0 W/cm2, 10 min), the bacteria lost 

the ability to form bacterial colonies on the agar plate. This dramatic result 

demonstrated the excellent antimicrobial effect of Fe-POM-mediated mild PTT at this 

wavelength, further validating the hypothesis that Fe-POM can enhance the efficacy 

of mild-temperature PTT through its dual enzyme-like activities and ROS generation. 
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Figure 5. (a) Photographs of bacterial colonies and (b) the corresponding 

quantitative analysis of MRSA upon different treatments. 

3. Materials and methods 

3.1. Materials 

Ammonium molybdate tetrahydrate ((NH4)6Mo7O24·4H2O), iron chloride 

hexahydrate (FeCl3·6H2O), L-ascorbic acid were purchased from Aladdin Industrial 

Corporation (Shanghai, China). Hydrogen peroxide (H2O2, 30%) was bought from 

Jinshan Chemical Reagent Co., Ltd. (Chengdu, China). All chemicals and reagents 

were of analytical grade and used as received without further purification. Ultrapure 

water was used throughout the experiment. 

3.2. Instrumentation 

TEM image was acquired on JEOL-JEM 2100 F. FTIR spectra was measured by 

FT-IR spectrometer IR 200 (Thermo Fisher Scientific, US). All the UV-vis spectra 

were conducted using a UV-visible spectrophotometer (UV-6100, Mapada, China). A 

particle size analyzer (Malvern 2000, USA) was used to determine the hydrodynamic 

diameter and zeta potential of the samples. 

3.3. Synthesis and characterizations of Fe-POM 

The Fe-POM nanoclusters were synthesized according to the previous report with 

some modifications [6,15]. In a typical preparation process, (NH4)6Mo7O24·4H2O 

(0.4414 g) was dissolved in 10 mL deionized water at room temperature with magnetic 

stirring. Then, FeCl3·6H2O aqueous solution (0.2926 g, 5 mL) was added slowly to 

the above (NH4)6Mo7O24·4H2O solution. Afterwards, L-ascorbic acid aqueous 

solution (0.2 g, 2 mL) was added, and the mixture was kept at room temperature for 2 

h with constant stirring. After the reaction, the solution was dialyzed against water 

(Mw cutoff: 3500 Da) for 12 h. After the dialysis was completed, the liquid in the 

dialysis bag was collected and freeze-dried to obtain Fe-POM nanomaterials, which 

were stored in the refrigerator at 4 ℃ for later use. 

4. Conclusion 

In conclusion, we have successfully developed Fe-POM, an effective ROS 

generator, and PTT agent for efficient and safe bacterial eradication. Fe-POM could 

generate ROS under non-irradiated conditions, which effectively interferes with 
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unprotected bacterial membranes and sensitizes the bacteria to low-temperature PTT. 

From a biomechanical perspective, the interaction between Fe-POM and bacterial 

membranes involves not only chemical processes but also mechanical forces. The 

nanomaterial’s ability to exert localized mechanical stresses on bacterial membranes 

enhances its antimicrobial efficacy, particularly against drug-resistant strains. This 

mechanical disruption complements the chemical effects of ROS, creating a 

synergistic antimicrobial mechanism. Subsequently, mild PTT showed an 

unprecedented antibacterial effect and reliable cytocompatibility. The biomechanical 

analysis revealed that the thermal expansion of Fe-POM under NIR irradiation 

generates controlled mechanical stresses that enhance bacterial membrane 

permeability without damaging surrounding healthy tissues. This thermomechanical 

effect is particularly advantageous in clinical applications, as it allows for precise 

targeting of bacterial cells while minimizing collateral damage. The results 

demonstrate that Fe-POM-mediated mild PTT can effectively eliminate bacteria while 

maintaining biosafety. The mechanical properties of Fe-POM, including its stiffness 

and elasticity, were optimized to ensure effective interaction with bacterial biofilms 

while maintaining compatibility with host tissues. This balance between mechanical 

efficacy and biocompatibility is crucial for the successful translation of this technology 

to clinical settings. These findings suggest that the designed Fe-POM has a promising 

clinical application. In the context of biomechanics, Fe-POM’s unique mechanical 

characteristics make it particularly suitable for applications such as implant coatings 

and wound dressings, where controlled mechanical interactions with bacterial biofilms 

can enhance therapeutic outcomes. In addition, our work provides new perspectives 

for establishing targeted antimicrobial strategies. The integration of biomechanical 

principles into the design and application of Fe-POM represents a significant 

advancement in antimicrobial therapy. By combining the chemical and photothermal 

properties of POMs with mechanical effects, this approach offers a multifaceted 

strategy for combating drug-resistant bacteria. Future research directions could 

explore the optimization of Fe-POM’s mechanical properties for specific applications, 

such as implant coatings or wound dressings, where controlled mechanical interactions 

with bacterial biofilms could enhance therapeutic outcomes. Additionally, the 

development of advanced biomechanical models to predict and optimize the 

interactions between Fe-POM and bacterial cells could further improve the efficacy 

and safety of this promising antimicrobial platform.  

The biomechanical insights gained from this study not only enhance our 

understanding of the antimicrobial mechanisms of Fe-POM but also pave the way for 

the development of next-generation antimicrobial materials. By leveraging the 

mechanical properties of nanomaterials, we can design more effective and safer 

therapeutic strategies that address the growing challenge of antibiotic resistance. The 

successful integration of biomechanical principles into the design of Fe-POM 

highlights the potential of interdisciplinary approaches in advancing biomedical 

research and clinical applications. 
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